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The sandawd pH values of the solution of potassiom hydragen phihalaie imalality 0005 ol kg™') have been
redetermined over the lempernture mnge O to 60 *C, wying SRM 1854, Exiensive megsurements were madse of the

eml of cells of the ype

P;Hyig, 1 atmi|KH phthalaie im = 0051 K (n)jagCl: A

whe=re mt gy wai 0015, 0001, ar 0005 mal

kg1, fromn which values of the acidity function plagyo) were derived.
The: pH cutvention defines Yo, in the mnge n? oty #trengtha 0o 0.1 mol kg™ and
prr o be abtmined. According to MBS prvedures, prg for selevted redersnce

ita conventional valwes of
licna e identified with the

mandard pHIS! in the opemational definition of pH., The new values, given i tetme of the thensodyamic

temperature (T by
0344

pH(S) =

= 13.3270 + 0451997 — 3.4846 x 107077

differ, b the average, by .00 unil foom the resolie based o the 1944 data of Hamer and Acrec.
Key wrhi: Avidity: smfy pH: phthalawe hulfer;, potawsdum hydrgen phibalate; standard for pH.

1. Introduction
The NBS slandard pH scale is lixed by a series ol primary
standarks [1-33L, the pH(3) values of which are bused on

precise emf measurements of cells without liguid junetion of
the Lype

Pt or Pd:Hzg, 1 atmpiBuffer + Cl-|AgCl:Ag  (A)
The pH is derived frum the emf of cell A, together with a
eonvention [4] relating the numerical value of the activity
coefficient of chloride jon to the 1omic strength (f} and the
temperature, where O << = (1.1, It has been shown [3] that,
over lhe pH range 3.5 10 9.2, this scale is intemally conzsist-
enl within (L006 unil al 25 °C and within 0.013 unil at 10
and 40 °C; that is to say, it is immalerial, within these limits,
which of the standards is chosen for the calibration of pH
measuring equipment in & given situation,

The sclution of potassium hydrogen phthalate, molality
0.05 mol kg™, is probably the most commonly used of the

NBS primary standard reference solutions. 1t is likewise the

! Figurea in brwchets indicate Ihe Bieraaure references al the =nd of 1his paper,
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gingle primary standard of the British Standard Institution’s
pH scale [5). This solution iz easy to prepare from readily
available ceriified malerial and is reasonably stable. Further-
more, its pH is nol markedly sensitive lo lemperalure
changes and lies in the weakly acidic region where Lhe
practical measurement and econtrol of acidily is often re-
quired.

The precise emf measurements, on which the NBS values
for this important standard reference solution were originally
based, were reporied by Hamer, Pinching, and Acres be-
tween 1944 and 1944 [6-9]. The petassium hydrogen phthal-
ale weed] intheir work consisted of Standard Reference Materi-
als 84a and 84b. These lots, certified for acidimetry, assayed
very close to 100.00 percenl. Mo extensive redetermination of
pH(S) over the range ( to 60 °C was underntaken preparatory
to the cedificalion of polassium hydrogen phthalate, SRM
185, as a pH standard, but it was shown [9] that 0.05 m
solulione prepared from loie B4a, 84b, Bde, and 185 had the
same pH value. The certification of three subszequent lots
{SRM 185z, 185b, and 185¢) was made by comparison,
usually at 25 °C, of the emf of cell A found for the .05 molal
phthalate sulution, with added KC1, with corresponding data
obtained in the earlier extensive inveatigation. The earlier
values of pH{5) were then aliered uniformly over the tempera-
lure range by an amoun! comesponding to 1he difference of



emf found, at most a few thonsandths of o pH unit. It is the
purpose of this paper 10 report Lhe resulis of a thomugh study
conducted prior to the certification of SAM 1854, a lol of
which was shown by careful assay to have a puority of 99.99
percent and theyeiore presumably to be assentially identical
wh:ll the material naed in the earlier investigations of Hamer
et al.

2. Method

The seidity function p{ey¥e) is readily caleulated Grom Lhe
emf {E} and standard emf {E% of cell A by the equation

{E — ENF

RTln10 T oema ()

planyo) = —logimuYuyel) =

the malality of chloride jon {mc) being known. As in the later
work on the establishment of standard reference buffer solu-
tions [10], three molalities of KCl, namely 0.015, 0.01, and
(.005 mol kg™, were used. The values of p{ay¥e) decreased
linearly as myg incteased, and the intercepis plagyc)” at
myc = 0 were determined by linear regression analysis:

HenYeld = P{ﬂuTcl}n — bmko (2}

The final slep in Lhe assignment of standard values, pHiS], 1o
the chloride-free phthalaie buffer zolution was the calculation

of pay from pleyycl™
pH(S) = pey = plauya)® + log Yo i3

where yq is fixed by the pH convention proposed by Bates
and Guggenheim [4]:

_AI'].I"E

[+ 1507 @

log yen =

In eg (4, A iz the Debye-Hickel slope constant {molality
gcale} for the temperature in guestion [3]. This convention is
intended o apply over the full remperature range bul is
reslricted to ionic strengihs {f) no greater than 0.1 mel kg™".

3. Exparimentul Procedures

In general, the experimental methods, including the prep-
aration of the thermal-elecimolytic silver-silver chiornde elec-
trodes [3] and the techniques of the emf measurements {11],
were the same as those described in detail in other publica-
tions. Departures from these standard procedures are sel
forth below.

The platinum bases for the hydrogen electrodes must be
coated with palladinm black instead of platinum black, in
order to minimize reduction of phthalate [12). Preliminary
measurements showed, however, that lightly coated elec-
tredes were more stable than those with a heavier coat of
palladium black. Accordingly, the plalinum foils were elec-
trolyzed at a eorrent of about 30 mA em™% oe 5 10 14 seconds
in a 1 pereent solution of palladium chloride acidified with
HLI and containing 0.08 g of lead acetate trihydrate per 100
ml of piating solution. A strip of palladium metal gerved as
Anmie.

Unfortunately, hydrogen eleciredes prepared in thiz way
are not as reproducible as are those coated with platinum
black {when they can be used), and some instability at the
highey lemperatures gave lestimony lo @ certain amount of
reduction of phthalale. It was therefore necessary to adopt
criteria for the rejection of a part of the cell da1a obrained in
this extensive investigation. Each of the cells contained two
electrodes of each kind, and the emi was measured bolh &l
the beginning and at the =nd of cach lemperature series. In
grnerul, the criteria for eejection were (a) differences greater
than 0.1 m¥ between pairs of electrodes in the same cell, and
ib) differences greater than 0.3 mV between the initial and
final measurements al 25 °C. Although some of the cells
behaved acceplably over lhe entite O o 60 °C lemperalure
range, for besl results it was fnund necessary to use fresh
electrodea and solutions for the range 40 to 60 *C. Thus, 1he
resulis of enly 3 cells owl of 27 measured at 10 °C were
rejected, whereas 25 of 44 were rejected 4t 50 °C,

The standard emf E? of cell A has been determined in two
exlensive scrics of measurements [13, 14]. Inasmuch as there
is snme evidence that AgfAgCl elecirodes prepared in differ-
em laboratories by slightly differing procedures have slightly
different polentials, it has been recommended [15] that E®
be, in effect, redetermined under each sel of experimenial
conditicns by measurement of the emf of eell A contzining
hydrachlorie acid, molality 0.01 mel kg™, [hasmuch as there
is substantial agreement that the mean ionic aclivity coefli-
cient (molality scale) of HCL has the values 0.9 at 25 °C
and 0.008 &l # °C in this solution [15], £7 can be derived
from these eml messurements.

Four investigators, namely ¥. E. Bower, R. Gary. H. B.
Hetzer, and M. Pzabo, prepared electrodes from materials
uzed in their own siudies, and the group prepared five cells
from the same aolution of HCL, measuring the eml al three
tempetalures. The mean results for £ were 0.46102 ¥ (stan-
dard deviation 0.00004) a1 10 °C, 0.46425 V (s.d. 0.00010)
at 25 °C, and 0.46623 V (s.d. ¢.00005) at 40 °C, rom which
E" ia 0.23153, 0.22244, and 0.21216 ¥V a1 10, 25, and
40 *C.

These resulte are higher than those found by Bales and
Bower [14]; the differences are .11, (.09, and 0.08 m¥ al
10, 25, and 40 °C, respectively. Hence, for \he present
study, E? al all emperalures vom O to 60 °C was obtained by
adding (0.1 mV 1o the values given in the fifth eolurmn of 1able
1, reference [14].

The potaseiom hydrogen phihalate, SBEM 185d. had an
asaay value of 99.9% percent. [t was shown to be equivalenl lo
SRM &4a, one of the lols used by Hamer et al. [6-9], by
measuring the emf of a cell of type A containing 0.05n KH
phthalate {SEM 84a) + 0.01ls KCl a1 25, 40, 45, 50, 55,
and 60 °C. The emf ai these six lemperaiures differed on the
average by only 0.07 mV from the mean vulues found in the
presenl invesligalion.

4, Results

The emf dala frum the cells ineeting the eriteria outlined
above were corrected ta 1 atm hydrogen pressure. They are
numerps, and to conserve space the individual values
{means of wo pairs of elecirodes in the sume cell) have been
averaged and Lhe results summanzed in lable 1, logether with
the number of celle and the mean deviation from the mean
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Tapigl, Elecromotite forve of the onll: P Ha g, § rzot) |KH Phzhators (m = 0005), KClim] | ATl Ag for muey = 0005, .01, and 0.045 mal kg~ from
&t B0°C (in wolin)
“C Fpe = LK1 5] mEn ™ 001 mgrL ™ 0015
&f
No. of cella  Efvolie Imean} Mean dev.® No, of cells  Efvolis imean} Mean dev, © Moo of cells Efvolts {mean) Mean dev. ?
L1 6 58311 0l 8 10 i 0Lo7 10 LI L] L3
] L] 053660 0.4 &8 10 S ERE [IR1 ) L1 LERL .07
10 & 052015 0,03 B L5T304 (.06 0 056297 007
15 & 0593646 0.k L 0. 57632 Q.07 1 05660 LILL
20 & 1.59713 .06 B 0.57939 K 10 0 56900 0.3
25 12 06N .06 12 O_GR2GT 0.4 17 57194 R L
L L 0,60402 0,09 8 585464 0.07 10 1.57452 0,10
35 & 0.60742 0,13 8 0. 58873 (.0 11 057784 .12
4 L a.6]114 LI 3 & [ 59205 0. 8 00, 580N 036
45 o LIAFIE 012 & (59519 007 7 0, 38345 013
50 L 3.61787 009 & 050832 0214 T 0, 58680 13
55 & 4211 nog i 0.60144 Q.10 7 (. 580 n.1a
L) [ 062474 02 6 LR 010 7 00, SO264: 012

* Mean deviation from the mean valus of £, in m¥.

emd, in m¥. Only the initial results at 25 °C are given; the
final results at this lemperature were not used.

Yalues of the acidity funclion play¥c) were calculaled by
eq (1) and the intercepts plaayc]® and elopes & oblained by
linear regression analysie; the relationship ts shown in eq 2).
This procedure was carried out in 1wo ways: firal, by use of
the average playYol) valees computed from the average emd's
of 1ahle 1, and second, by use of \he entite pupulation of
plagyoy) valees, that s, those devived from Lhe emdf of sach
individual cell. The intercepta obtained by the two proce-
dures differed by considerably less than 0.001 pH unit. The
resulls collecled in table 2 are nonetheless those abtained by
reating sach dala point individually. The standard devialions
of Lthe intetvepts and slopes are given, and Lhe atandard
deviation for regreesion, expressed in m¥, appears in the last
column.

TABLE 2.  Linear regression anelysis. Comstarls of squation {23

4% s plenyal & s.d{.ﬂ:;;.er wal. (xlope) s,dw
L] 4 LRI ) LGlz QKNG LK ] s
a M & [KEFH) 0.658 0,008 QLRI oz

ILUBE. ) 20857 0.668 000G 0.071 X113
15 24 LRi1ET 0.630 QNG 0. NE2 (Al 2
20 24 o 0581 0.627 0.0 0,084 LN L)
25 41 LRLE ) L4658 0,000 00543 o.0on
3 24 &4, 1005 0464 0.0012 0101 n12
A5 2 41075 0612 00013 0115 0.13
4 20 4, 1223 0.T88 00012 LU {1 .12
5 19 4, 1341 0.746  000H4 0.128 Q.15
50 19 4, 1482 G749 00013 0.121 0.13
55 19 4, 1638 L858 0006 0. 14 0.17
a0 19 4, 1803 GBIA  0L3 alle .14

Application of the convention far Yo set forth in eq (4)
enables one 10 derive pH(S) from pleyyo)® by =g (3). The
jonic strength (f) required for this purpose was calculated
from the ionic composilions of polassium hydwogen phthalate
sglutions; these have been obtained by Hamer, Pinching, and
Acvee [9] from K| and K4 for phthalic acid. The ionic sirength

i3 nearly constant over the temperature range O te 60 C,
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TABLE 3.  pdfrS) voluss for the potanivm fydrogen plufolate sofution,
malalizy = (05 neol kg 1, frem 0 e 60

Present Waork

£ MBS
cup- calc. *
Li] 4,003 +. 010, 4 01
5 3,999 4003, 40035
L A58 E XL LM LRI
L5 3994 399, ER )
= 4.2 <4 M 5 1.0014
&5 2.000 4.00T, 406050
I 1015 4.012, 4.0123
35 4.004 4. HLE, 4,08
40 4035 2032, 4.0311
45 LT 4. M3 40431
H0 4 {5 4 ¥y, 4 0565
ha 4 075 4.0071, 4.0712
0 4.09] 40010 4.{A72

* From the eml measuremenia of Hamer ot al. [6] ; a#¢ ralerence [1],
2 Calculated with uee af squation. (3).

varying snly Trom 0.0532 1w 0.0534 mol kg™; log ¥p de-
crepses from —0.0843 ai 0 °C to —0.0934 a1 60 °C. The
values of pH(S) found in this way are lisled in the thind
column of 1able 3. With the aid of the OMNITAB computer
program. they were filled to lthe equalion

20073, 44

T 13.3270 {3

+ 0.045199T7 — 3 4846 x 1073

pH(S) =

where T is the thermodynamin empetaiure, Caleulated val-
ues of pH(S) are given in the last column of the table. From a
comparison of Lthe experimental pH{S}) with that caleulated by
eq (5], there is a standard deviation for regression of 0,001
unil.

5. Discu_ssinn

The values of pH{S) labeled *NBS" in table 3 were derived
[1] fezum the emf measurements of Hamer and Acree [6]. The



original emf data, reported in international velts, were cor-
rected lo the absolute scale and plewy;) obtained with the
aid of EV from the study of Bates and Bower [14]. The pH{S)
values resulting from the application of the ¥y convention 1o
planyo)® were fited te a four-conslant equation of the same
form as eq (5). The mean difference between experimental
and calculaled pHiE) at the 13 lemperatures was 0.002,. The
srapothed valuws frum this equation are listed in the second
column of table 3. In general, the present results for lempera-
tures below 20 °C are slightly higher than those derived from
the earlier data, and they are lower when the temperature lies
between 20 and 60 °C. Nevartheless, \he mean difference for
all 13 1emperatures ie only 0.003; unit.

In 1946, Hamer, Pinching, and Acree [%#] calcolated the
peg values of solutions of potassium hydrogen phihalate st
eight different molalities, 0,001 to 0.2 mol kg™, fram K| and
K for phthalic acid and ionic activily coeffigients estimated
in a manner different from the convention of eq (4). At a
molality of 0.05 mol kg™, the values obtained in this way are
in somewhat better agreement with those of the preseni study
thun are the values labeled “NBS" in tabde 3. The mean
difference is 0.002;, at the 13 wemperatures; if 55 and 60 °C
{where the differences are 0.006 and 0.010 pH unit, respec-
tively) are omilled, the mean difference is only 0.001 unit.

The largest differences belween the values in The second
and thitd columns of Wwhle 3 accur at O and 35 °C. 1n this
eonteclion, it is noteworthy that the experimental value from
the earlier work ia 4.006 at 0 *C; here smoothing has accen-
tuated the discrepancy. Furthermore, the values of the pres-
enl study for the mnge 40 10 60 °C are based largely on o
different set of cells and solutions from those for 35 °C and
below. The greatest disparity belween experimental and cal-
culated pHIS), namely 0.0024 unit, occars a1 35 °C, and it
seems likely that the experimental result al this temperalure

1z slightly low. No explanation for this inconsistency can be
found, yel its exislence appears to he sufficient justification
to regard the amoothed values of the lasi column as the maore
reliable and self-conzistent set.
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